The development of high energy density devices produces a dramatic improvement in the cruising range of electric vehicles and significantly contributes to realizing a sustainable society. In recent years, innovative batteries, such as all-solid battery, metal-air battery and sodium-ion battery, etc., which are estimated to provide a superior battery performance better than the latest lithium-ion battery, are now being given significant attention. Meanwhile, a number of breakthroughs are required in order to achieve practical use of these innovative batteries. In this paper, we summarized the current research approaches of these innovative batteries.
Introduction
In order to realize a sustainable society, it is important to develop fuel efficient and low emission vehicles, and furthermore, the challenge of zero emission vehicles. Various efforts have been applied for the development of weight saving, engines downsizing and new power-train systems including fuel cells and electric motor drives. Although there were arguments whether fuel cell vehicles, electric vehicles or others are the future power-train candidates, we believe several types of vehicles running on different power sources will coexist. Hybrid vehicles, which combine the efficient control of the engine with motor assist and a regeneration system, was the best answer for getting to the market fast as an eco-friendly vehicle. Today, the sales of hybrid vehicles have been increasing after the PRIUS was introduced into the market in 1997 as the world-first mass-production hybrid vehicle.
Meanwhile, the electric driving range per one charge is not sufficient compared to conventional internal combustion engine vehicles, even installing the state-of-the art lithium ion battery. The plug-in hybrid vehicle is a type of hybrid vehicle with an additional battery capacity and a charging plug from an external power source. We believe that the plug-in hybrid vehicle is the next practical vehicle of maximum electric energy utilization, because we coordinate the electric drive range in concert with increasing their battery performances.
Expectation for innovative batteries
In 1925, Sakichi Toyoda, the founder of Toyota Industries Corporation, the company that eventually formed the Toyota Motor Corporation, conducted a public offering for developing a higher energy density battery than that of gasoline. Figure 1 shows the development target of current lithium ion batteries and the theoretical performance of the innovative batteries. Recently, lithium ion batteries are being developed as a power souse of hybrid, plug-in hybrid and electric vehicles, mainly considering safety performance, electric cruising range and costs.
Even though there is no achievement regarding Sakichi's vision, some batteries, such as all-solid and metal-air batteries, have higher theoretical energy densities than the lithium ion battery. Although there have been many ideas for innovative batteries, they are not in practical use for vehicles. This means that there are still many issues to be resolved for using the practical energy sources for vehicle driving. Therefore, we are challenged to resolve the issues of innovative batteries.
Development Approach and Status of All-solid Lithium Battery
To replace the current lithium ion batteries, we paid attention to the all-solid lithium batteries which used a solid-state electrolyte as the separator, because the features of the inorganic solid-state electrolytes are non-fluidity, wide electrochemical window, and high thermal stability. Based on these features, the all-solid batteries have the potential to minimize the structure of battery cell and pack by simplifying the cooling and safety systems of a battery pack. The performance of the all-solid lithium batteries is getting better with improvements of the interface resistance 1 and the ion conductivity of the electrolyte over the past several years.
Solid electrolytes have also a long development history. Figure 2 shows the typical properties of an inorganic solid electrolyte. [2] [3] [4] [5] [6] [7] In particular, sulfide electrolytes have high conductivities and comparative stabilities regarding their reduction potential. Additionally, sulfides have a low resistance at the interface between the solid electrolyte materials. Kanno 
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¹2 (S/cm) @25°C, that had a conductivity comparable to the nonaqueous electrolyte of current lithium ion batteries. 8 To demonstrate the ability of the all-solid batteries with a sulfide electrolyte, we developed various experimental applications, i.e., scooter, automated guided vehicle and small electric vehicle.
On the other hand, sulfide electrolytes have a problem such that they are unstable in the ambient air. Meanwhile, solid oxide electrolytes are stable in the ambient air, although they do not have a conductivity higher than the sulfide electrolytes. The perovskitetype (ABO 3 ) lithium ion conductors, La (2/3¹x) Li 3x TiO 3 (LLTO) 3 and La (1¹x)/3 Li x NbO 3 (LLNO) 9 are known as super ionic conductors having up to a 10 ¹5 S/cm conductivity. The ionic conductivity of the solid electrolyte significantly depends on the bulk structure. However, it is also necessary to consider ionic conduction using defects and grain boundaries. The term "defect" refers to strain caused by ion vacancies (lattice defects) or dislocations. An actual structure contains defects, such as vacancies (lattice defects), dislocations, and voids, as well as grain boundaries. Although these phenomena are also thought to have a major impact on the lithium ion conduction, their characteristics have yet to be fully identified. If bulk single crystals of the solid state electrolyte that exhibit the various crystalline characteristics can be obtained, they can be used to clarify various fundamental aspects of conduction in the solid state electrolyte. Perovskite-type single crystals, LLNO, were grown by a unidirectional solidification method 10 and the ion conductivity and microstructure investigated. The Li ion conductivity of LLNO varies depending on the Li fraction x. The maximum value of the single crystal LLNO was 1.9 © 10 ¹4 S/cm at x = 0.075, 10 which is higher than the maximum value of the polycrystal LLNO (4.7 © 10 ¹5 S/cm at x = 0.1). 9 The microstructure of perovskite-type single crystals, LLNO, was investigated by TEM.
11 Figure 3 shows selected area electron diffraction (SAED) patterns for La (1¹x)/3 Li x NbO 3 with the composition x = 0.04 projected along the zone axe [001]p (p refers to the basic perovskite unit cell). The images show that the additional superlattice reflections at (h/2 k/2 0) (h, k = odd numbers) and the (h/2 k/2 0) reflections are split into four spots in the form of cross that are aligned parallel to g(100)p and g(010)p. We expect that the rule factor of ion conductivity will be clarified by investigating the relations between the Li-ion conductivity and microstructure of La (1¹x)/3 Li x NbO 3 with various Li contents. 
Li-Air Battery
The Li-air battery is a promising candidate to realize such next generation batteries, because oxygen gas as a positive electrode material can be continuously supplied from outside of the battery, and furthermore, the lithium metal with the high theoretical capacity of 3860 mAh/g can be fully utilized (Fig. 5) .
We have investigated the rechargeability and cyclability of Li-air batteries to be utilized as a secondary battery. By using a carbonatebased electrolyte (propylene carbonate: PC), the same as in previous reports, 12 it was observed that the discharge and charge voltages were 2.6 V and 4.0 V, respectively, therefore, a large voltage gap of 1.4 V was produced, resulting in a lower energy efficiency of the LiAir battery (Fig. 6) . It was believed that the Li-O 2 batteries with nonaqueous electrolytes would behave as secondary ones. However, we found that unfavorable reaction products on the positive electrode were obtained during the discharging and charging. 13 On the other hand, by using the N-methyl-N-propylpiperidinium bis(trifluoromethansulfonyl) amide (PP13TFSA) ionic liquid as the electrolyte, not only a low charging voltage of around 3.3 V, but also a small voltage gap of about 0.75 V were achieved.
14 Based on our analytical results, the positive electrode reaction mechanisms of the PP13TFSA and PC based Li-O 2 batteries are summarized in Fig. 7 .
15 Route (i) is the originally expected reaction route at the positive electrode. Route (ii) denotes the conventional positive electrode reaction route including the PC-based system. The last route (iii) represents the newly revised route including the PP13TFSA-based system. Most organic solvents comprised of propylene carbonate (PC) were electrochemically and chemically vulnerable to radical species formation. Therefore, as in the conventional route (ii), the decomposition of the electrolyte solvent occurred and the decomposed species, such as lithium alkylcarbonate, were precipitated on a discharged positive electrode, Electrochemistry, 83(10), 797-802 (2015) resulting in CO 2 generation after recharging. On the other hand, the PP13TFSA ionic liquid was highly stable against the radical species. As a consequence, the solvation of radical species prevented the electrolyte solvents from being decomposed, and then converted the conventional reaction route (ii) into the revised one (iii). Above all, the stabilization of the O 2 radical species was an important key to suppressing the electrolyte decomposition and then to determine the discharge reaction process and the subsequent charging process at the positive electrode. Thus, it was concluded that our proposed PP13TFSA ionic liquid was a key component to produce the desirable positive electrode reaction, that is, Li 2 O 2 formation. Carbon must play an important role in storing the deposits, such as Li 2 O 2 , in the positive electrode, because it has a large surface area and high pore volume attributed to micro and meso scaled pores. According to previous reports, the discharge capacities of Li-air batteries strongly depended on the porosities of the carbon powder, such as surface area and meso pore volume. 16 This result indicates that the discharge products would be preferentially stored in the meso-sized region of the carbon pores. On the other hand, in our preliminary study, it was observed that the discharge products of 10-20 nm primary particle size were agglomerated in a discharged positive electrode, 13 and furthermore, micro-meter-sized aggregates were formed in a comparably high capacity positive electrode. Since the discharge products, such as Li 2 O 2 , are generally insulating, the large-sized aggregates will be difficult to be decomposed during charging. The size of the discharge products has to be controlled to improve the charging properties of the batteries. Therefore, we have discussed how the carbon active site influenced the morphology of the positive electrode deposits during the discharge of Li-air batteries.
17,18 Figure 8 shows AFM image after a slight discharge reaction of Li-air batteries. HOPG (Highly Ordered Pyrolytic Graphite) was used as the positive electrode. In this image, no discharge deposits (Li 2 O 2 ) were found on the clear steps but were found on the geometrically smooth area. We postulate that there is actually a monolayer or bilayer on this smooth area and this area has a much higher reaction activity than other area. Figure 9 shows a cyclic voltammogram for two kinds of HOPGs of different heat treatments, and used as the working electrode. This figure shows that the lower heat-treated HOPG electrode has a higher reaction current. This means that the lower heat-treated HOPG has more defects and steps and is more reactive. In this way, defects and steps have a big impact on the electrochemical properties. Therefore, they are useful as an index to develop the optimum carbon materials. However, it is very difficult to determine their quantity, thus we Electrochemistry, 83(10), 797-802 (2015) cannot utilize them as an index. "To determine quantity" means that the number of layers and the size of the crystallites as shown in Fig. 10 can be quantitatively measured. For the purpose of finding the optimum carbon materials, it is very important to study how much they have an impact on the electrochemical properties. I now hope that the development of carbon materials will proceed to utilize such a new index.
Sodium-ion Battery
In recent years, many researchers have developed the sodium-ion batteries, which are promising substitutes for lithium-ion batteries. The advantage of sodium-ion batteries is not only the abundant natural resources, but also the possibility of high performance batteries compared to the lithium system because of the wide selectivity of the sodium compounds. In fact, novel positive electrode materials were discovered for the sodium-ion batteries in recent years. Nose et al. successfully discovered the novel positive electrode material of Na 4 Co 3 (PO 4 ) 2 P 2 O 7 as shown in Fig. 11 having high voltage and high rate capabilities. 19 The electrochemical reaction of Na 4 Co 3 (PO 4 ) 2 P 2 O 7 involved the multi-redox couples in the highest potential region over 4 V vs. Na/Na + among any reported sodium positive electrode materials as shown in Fig. 12 . The reversible capacity of Na 4 Co 3 (PO 4 ) 2 P 2 O 7 reached ca. 80 mAh/g even at the high-rate condition of 25 C (4250 mA/g). As shown in the crystal structure of Na 4 Co 3 (PO 4 ) 2 P 2 O 7 , four types of Na + sites are located in the three-dimensional ion channel, therefore, this unique crystal structure would have the advantage of ion diffusivity that affects the rate capability. It was discovered that Na 4 Co 3 (PO 4 ) 2 -P 2 O 7 had redox couples in a high potential region and operated at a high current density, however, the reversible capacity was still low compared to the conventional positive electrode materials of lithium-ion batteries. In order to increase the reversible capacity of Na 4 Co 3 (PO 4 ) 2 P 2 O 7 , the Co transition metal was partly substituted for Mn and Ni. The substitution of Mn and Ni suppressed the lattice volume change during the Na + extraction process. As a result, the reversible capacity of Na 4 Co 3¹x M x (PO 4 ) 2 P 2 O 7 (M = Mn, Ni) reached more than 100 mAh/g. 20 These findings suggest that the Na 4 M 3 (PO 4 ) 2 P 2 O 7 can be one of the good candidate materials for the positive electrode materials with high voltage, high rate, large capacity and good cyclability for sodium-ion batteries.
Furthermore, attractive positive electrode materials for sodiumion batteries have been developed. 21, 22 However, only a few negative electrode and electrolyte materials have been reported so far. 23, 24 Although the sodium-ion batteries should overcome several hurdles for practical use, it is expected that the research and development about sodium-ion batteries would produce a new potential as innovative batteries going beyond lithium-ion batteries.
As a new methodology for the search of materials, which possess the specified properties desired by industry, "Materials Informatics" is receiving a lot of attention. This data-driven method inductively gains knowledge from massive correlation data, including structural descriptors and properties of materials from simulations and experiments. Therefore, the discovery of knowledge is expected to lead to shortening the development time for the synthesis of practical sodium-ion materials in the future.
Conclusion
The all-solid battery, lithium-air battery, and the sodium-ion battery are expected, to be the most likely candidates of replacing the current lithium ion batteries and enhancing the electric driving range of plug-in hybrid vehicles. However, as already described, there are many fundamental issues realizing new innovative batteries. We feel strongly that basic approaches, such as nanostructure analysis technologies and material informatics, are key technologies to reach our goal of practical and innovative batteries. Electrochemistry, 83(10), 797-802 (2015) 
